[1] Perennial snow and ice (PSI) extent is an important parameter of mountain environments with regard to its involvement in the hydrological cycle and the surface energy budget. We investigated interannual variations of PSI in nine mountain regions of interest (ROI) between 2000 and 2008. For that purpose, a novel MODIS data set processed at the Canada Centre for Remote Sensing at 250 m spatial resolution was utilized. The extent of PSI exhibited significant interannual variations, with coefficients of variation ranging from 5% to 81% depending on the ROI. A strong negative relationship was found between PSI and positive degree-days (threshold 0°C) during the summer months in most ROIs, with linear correlation coefficients (r) being as low as r = −0.90. In the European Alps and Scandinavia, PSI extent was significantly correlated with annual net glacier mass balances, with r = 0.91 and r = 0.85, respectively, suggesting that MODIS-derived PSI extent may be used as an indicator of net glacier mass balances. Validation of PSI extent in two land surface classifications for the years 2000 and 2005, GLC-2000 and Globcover, revealed significant discrepancies of up to 129% for both classifications. With regard to the importance of such classifications for land surface parameterizations in climate and land surface process models, this is a potential source of error to be investigated in future studies. The results presented here provide an interesting insight into variations of PSI in several ROIs and are instrumental for our understanding of sensitive mountain regions in the context of global climate change assessment.
Overview
[2] Snow and ice are important components of the hydrological cycle in many mountain ecosystems [Beniston, 2003] . As natural stores of frozen water, they are strongly involved in the modification of the timing and magnitude of water discharge from mountain areas on various temporal scales [Jansson et al., 2003] . Snow and ice are thereby important modulators of water availability both in mountain regions as well as in surrounding lowlands and provide water supply for a significant part of the Earth's population [Barnett et al., 2005] . Furthermore, hydroelectric power plants as sources of renewable energy heavily rely on water temporarily stored in these reservoirs [Hauenstein, 2005] . Apart from issues directly related to water resources, snow and ice exert large influences on climate and the surface energy budget on various spatial scales through their typically high albedo or the cooling of the atmosphere [e.g., Groisman et al., 1994; Vavrus, 2007] . As a result, they are critical components to be considered for the assessment of land surface-atmosphere interactions [Nolin and Frei, 2001; Kotlarski, 2007] . On the other hand, variations of snow and ice cover provide some of the clearest evidence of climate change since both snow and ice are often close to the melting point, and therefore react sensitively to changes in temperature [United Nations Environment Programme, 2007] .
[3] In view of this importance of snow and ice cover for mountain environments from a wide range of aspects, the study of past, present, and future snow and ice cover variations has become increasingly important within the global climate change discussion [Lemke et al., 2007] . In this context, variation in the spatial extent of perennial snow and ice (PSI) is a key aspect. Perennial snow and ice extent represents minimum snow and ice conditions in mountain regions for a specific year, which are typically observed at the end of the summer season. While interannual changes in the spatial extent of perennial mountain ice, i.e., glaciers and ice caps, are generally small and lag behind climatic changes by at least a few years [Oerlemans, 2001] , larger year-toyear variability is expected for perennial snow cover due to the close relationship of snow cover with meteorological conditions such as the amount of precipitation and air temperature variations [Robinson and Dewey, 1990; Brown and Mote, 2009] .
[4] Satellite remote sensing provides the unique opportunity to study PSI at a wide range of spatial and temporal scales. For studies of perennial mountain ice, data from high spatial resolution (≤30 m) sensors are the premier source of information [Kargel et al., 2005; Paul et al., 2007] , even though the observation frequency of these sensor systems is limited as a consequence of the generally low ground repeat cycles combined with the influence of cloud cover. Studies on snow cover mainly utilized the daily and weekly satellite maps of the Northern Hemisphere snow cover at a spatial resolution of several kilometers [Robinson et al., 1993; Ramsay, 1998; Romanov et al., 2002] , however, their use for studies of mountain regions is limited because of the relatively coarse spatial resolution. Improved snow cover products have become available with the advent of the Moderate Resolution Imaging Spectroradiometer (MODIS) onboard the Terra and Aqua satellites [Salomonson et al., 1989; Justice et al., 1998 ], which offers improved snow and ice detection capabilities due to better spectral coverage and finer spatial resolution. The MODIS snow and ice products are available at a range of temporal (daily to monthly) and spatial resolutions (500 m to 0.05°) as described by Hall et al. [2002] . However, higher spatial resolution is desirable for studies in rugged terrain in order to capture the patchy appearance of snow cover [Sirguey et al., 2009] . In addition, the Global Climate Observing System (GCOS) has recommended a spatial resolution of 250 m for many Essential Climate Variables (ECVs) intended for terrestrial applications, such as snow cover and albedo [Global Climate Observing System, 2006, Appendix 2] . To meet these requirements and as a contribution to the Canadian component of the International Polar Year (IPY) Programme, a MODIS data set at 250 m spatial resolution in all seven land bands (MODIS spectral bands B1-B7) was recently produced by the Canada Centre for Remote Sensing (CCRS) [Trishchenko et al., 2009] . The data set covers the Arctic circumpolar area (ACA; 9000 × 9000 km 2 ) and is centered at the geographic North Pole.
[5] Not only does this data set represent a valuable tool for the quantification of variations in PSI extent at fine spatial resolution, but it also bears high potential for the validation of land surface classifications (LSCs) in various geographical conditions including complex and spatially heterogeneous mountain regions. Latter application is of particular interest, since LSCs, which are often generated based on remote sensing data, are commonly employed to derive land surface parameter data sets for the use in climate and land surface process models [Sellers et al., 1996; Bonan et al., 2002; Hagemann, 2002] . Given the importance of snow and ice for the water and energy budget as outlined above, accurate delineation of permanently snow and ice covered surfaces in such classifications is required. The problem with LSCs is, however, that they differ with regard to the classification schemes employed, underlying remote sensing data, and the time period considered. As a result, classifications may differ considerably [Hansen and Reed, 2000; Giri et al., 2005] , which emphasizes the motivation to validate PSI extent in LSCs using the newly available MODIS data set produced at the CCRS.
[6] The paper is structured as follows: the CCRS MODIS data set as well as the two freely available global LSCs used in this study, the Global Land Cover 2000 database (GLC-2000) and the Globcover land cover map in 2005, are introduced in section 2. Interannual PSI variations in a number of mountain regions within the ACA are quantified and discussed in section 3.1. Section 3.2 makes use of MODIS-retrieved PSI extent to validate the extent of surfaces classified as PSI in both LSCs as mentioned above. Results are summarized in section 4.
Data and Methods

MODIS Data
[7] The MODIS clear-sky composites for the ACA were generated as described in detail by Trishchenko et al. [2009] . In summary, processing includes four major steps: since only bands B1 and B2 of the MODIS sensor are available at 250 m spatial resolution, bands B3 to B7 are downscaled from 500 m to 250 m spatial resolution using an adaptive regression and normalization scheme in a first step [Trishchenko et al., 2006] . Second, bands B1 to B7 are reprojected from swath to Lambert Azimuthal Equal Area (LAEA) projection using a gradient search method , which was shown to preserve the geolocation accuracy achieved by the MODIS science team [Wolfe et al., 2002] . In a third step, scene identification at 250 m resolution is performed using bands B1, B2, B3, and B6. This latter step outputs a mask delineating cloud cover, cloud shadows, and areas observed under clear-sky conditions including information on snow cover. This mask is used in step four together with a set of decision rules to create clear-sky composites for a predefined time interval [Luo et al., 2008] . Data from MODIS on the Terra spacecraft were used because of band-to-band registration issues for MODIS on the Aqua spacecraft [Xiong et al., 2005 [Xiong et al., , 2006 Khlopenkov and Trishchenko, 2008] . For our purposes, a single clear-sky composite was created per year by merging the highest-quality pixels from multiple MODIS scenes during the period from July to September. This was done for each year between 2000 and 2008. The resulting composites represent minimum snow and ice (i.e., PSI) conditions for the ACA, an example of which for 2003 is shown in Figure 1 . Nine regions of interest (ROI) were defined for the analysis of PSI (delineated in white in Figure 1 ), all of them featuring complex topography and areas permanently covered by snow and ice. Greenland as a large ice sheet was excluded from the analysis.
[8] Characteristic spectral surface properties of frozen water enable the discrimination of PSI from other land cover types [Dozier and Painter, 2004] , if spectral data are available in the visible, near infrared, and shortwave infrared parts of the spectrum. Regarding the detection of snow and ice, the Normalized Difference Snow Index (NDSI) exploits the reflective properties of snow and ice covered surfaces. The NDSI is calculated by dividing the difference of reflectances observed in MODIS bands B4 and B6 by their sum and may be regarded as a measure of the abundance of snow and ice within the area covered by a pixel [Salomonson and Appel, 2004] . Hence, we generated MODIS PSI maps (PSI MODIS ) for each ROI and year similar to Hall et al. [2002] , using a threshold of NDSI ≥ 0.4 and excluding pixels if either the B2 or B4 reflectance was <10%. It is important to note that debris-covered glacier surfaces are not recognized by this approach, because the spectral properties of supraglacial debris and the surrounding (snow-and ice-free) areas are similar [Paul et al., 2004] . Supraglacial debris cover varies significantly between glaciers and geographic regions [Konovalov, 2000; Paul et al., 2004; Molnia, 2008] . We argue, however, that the areal extent of debris cover does not exhibit substantial interannual variability and will therefore not affect our results. In order to remove sea and lake ice prior to the analyses, a land-water mask was generated and applied based on the Global Selfconsistent, Hierarchical, High-resolution Shoreline (GSHHS) database [Wessel and Smith, 1996] .
Global Land Cover 2000 Data Set
[9] The Global Land Cover 2000 (GLC-2000) project [Bartholomé and Belward, 2005] Other data sources were partially used to overcome limitations due to persistent cloud cover. Apart from regionally optimized land cover information the database also encompasses a single harmonized, yet thematically less detailed, global product [Bartholomé and Belward, 2005] . The global land cover legend includes 22 classes, following the Land Cover Classification System (LCCS) of the Food and Agriculture Organisation (FAO) [Di Gregorio and Jansen, 2000] .
[10] In order to enable the areal comparison of PSI extent between GLC-2000 and MODIS circumpolar imagery, global GLC-2000 data were reprojected from original latitude/longitude to the LAEA projection (1 km spatial resolution). Land cover class 21 ("Snow and ice") was extracted to create PSI maps from GLC-2000 (PSI GLC ). Given the time period considered for the GLC-2000 classification scheme, PSI MODIS was compared to PSI GLC in 2000. . The database includes a global product as well as eleven regional products as described by Bicheron et al. [2008] . Data gaps were filled using a set of reference land cover data sets. The legend of the global product includes 22 classes and is compatible with the LCCS mentioned in section 2.2.
Globcover Land Cover Map
[12] For consistency with the MODIS data, global Globcover data were reprojected from original latitude/longitude to the LAEA projection (300 m spatial resolution). PSI maps (PSI GC ) were obtained by extracting land cover class 220 ("Permanent snow and ice"). The decision on which year to select for the comparison of PSI MODIS and PSI GC is not straightforward, since the time period considered for the Globcover classification includes summer months both in 2005 (entire summer and fall) and 2006 (until June). We argue, however, that minimum snow and ice conditions are not achieved until June in most mountain regions and therefore compared PSI GC to PSI MODIS in 2005.
Results and Discussion
Interannual Variations of Perennial Snow and Ice Extent
[13] Results of the PSI MODIS extent analysis for the period from 2000 to 2008 are summarized in Table 1 . Overall, we found PSI extent to exhibit strong interannual variations depending on the ROI. The coefficients of variation (CV), defined as the ratio of the standard deviation to the mean value over the 2000-2008 period, ranged from 5% in the Russian Arctic and Svalbard to 81% in Northern Siberia. In general, the observed interannual variability was particularly large in ROIs characterized by relatively small PSI extent (Table 1 , A-D and G). Over all ROIs, PSI MODIS extent varied with a CV of 22%. In order to illustrate interannual PSI MODIS variations in more detail, selected geographic subsets within the European Alps and Northern Siberia ROIs are displayed in Figures 2 and 3 , respectively. The PSI masks derived as described in section 2.1 are also shown.
Figures 2 and 3 highlight the large interannual variability, which may be observed in certain ROIs, and demonstrate the range of spatial details provided by the circumpolar MODIS composites for the detection of PSI in mountain areas. Note the sea ice along the adjacent coast in Figure 3 in 2004, which comes along with extensive PSI extent in the displayed subset.
[14] Given that the extent of perennial mountain ice generally only varies slowly in time [Oerlemans, 2001] , its variability is unlikely to be captured by MODIS imagery at 250 m spatial resolution except in cases of pronounced yearto-year ice retreat or advance. This is why, for detailed mapping of glacier extent, the GCOS has defined a spatial resolution of 30 m or finer. Hence, the variations in PSI MODIS as outlined above can mainly be attributed to variations in perennial snow cover, even though variations in perennial snow cover on top of the glacier ice are not detected due to the limitations of the selected approach to distinguish between snow and ice. Observed large variability of PSI is in line with earlier studies that pointed at interannual variations of PSI in mountain regions [Wang and Xie, 2009] or, on larger scales, of Northern Hemisphere snow cover in summer [Robinson et al., 1993] . Variations in snow cover have previously been shown to be negatively related to air temperature variations [Robinson and Dewey, 1990; Brown, 2000] , owing to the snow-albedo feedback, which itself is assumed to be enhanced in mountain regions [Giorgi et al., 1997; Fyfe and Flato, 1999] . However, the large scale atmospheric circulation conditions for a particular season, such as the predominant transport of warm/cold and wet/dry air masses, may constitute a very important factor responsible for the observed dependence.
[15] In order to place our findings in this context, we investigated the degree to which observed variations in PSI MODIS can be explained by variations in air temperature during the summer season. For that purpose, we calculated positive degree-days (T pos ; threshold 0°C) based on 2 m temperature analysis data at 00, 06, 12, and 18 GMT between May and September. The temperature data at 0.5°s patial resolution were obtained from the European Centre for Medium-Range Weather Forecasts (ECMWF; www. ecmwf.int). All grid points representing land surfaces were averaged to obtain one single T pos value per ROI and year. Linear correlation coefficients (r Tpos ) between standardized anomalies of PSI MODIS and T pos and their statistical significance are provided in Table 2 . Standardized anomalies of PSI MODIS and T pos were computed by subtracting the mean for the period 2000-2008 from the raw data and dividing by the corresponding standard deviation for the same period. In agreement with the studies as mentioned above, we found strong and statistically significant negative correlations between standardized anomalies of T pos and PSI MODIS for most ROIs. In some cases, closest agreements were obtained for positive degree-days in single months, e.g., for the Canadian Arctic in August. Other ROIs exhibited strongest correlations for positive degree-days over more than one month, e.g., western North America for the period from May to September. As an additional illustration, standardized anomalies of PSI MODIS and T pos are shown in Figure 4 . In agreement with the negative values of r Tpos time series of PSI MODIS and T pos exhibit opposite behavior in time for most ROIs. Even though no statistically significant values of r Tpos were obtained for the European Alps, Figure 4b highlights an interesting point: exceptionally warm and dry conditions during the summer heat wave in Central Europe from May to the end of August 2003 [Black et al., 2004] are reflected in a strong positive T pos anomaly and come along with a marked decrease in PSI MODIS in the European Alps (see also Figure 2 ).
[16] In the northernmost ROIs (Figures 4c, 4e , 4g, and 4h) sea ice cover potentially is an important factor influencing PSI extent (see also Figure 3 ). Sea ice cover significantly affects climate in polar regions through the ice-albedo feedback and the insulation of the ocean [Lemke et al., 2007] and may therefore influence the duration of the melt season in polar land areas [Sharp and Wang, 2009] . However, we found the PSI MODIS -T pos relationship to be statistically insignificant for the Russian Arctic and Svalbard, which is in contradiction to the findings of Sharp and Wang [2009] , who describe a correlation between melt durations on glaciers and ice caps in Svalbard, Novaya Zemlya, and Severnaya Zemlya (three archipelagos within the ROI in Figure 4e ) and June temperature at 850 hPa.
[17] Even though strongly negative values of r Tpos point to a close connection between summer temperature and PSI extent in most ROIs, not all of the variance of PSI MODIS could be explained by T pos . Two possible explanations are that first, the mass balance of perennial snow patches was shown to be correlated not only to air temperature in summer, but also to precipitation in winter [Higuchi, 1975] , which may lead to discrepancies in certain ROIs. Second, since we average all grid points of a T pos field over land to obtain one single value per ROI and year, standardized anomalies of T pos may not be representative of some temperature patterns unique to the mountain areas within the ROIs.
[18] Given the dependence of PSI on the meteorological conditions governing the accumulation (mainly in winter and spring) and the ablation processes of snow (primarily during the summer season), we would expect PSI MODIS to be related to the net mass balance (b n [m water equivalent]) of mountain glaciers. A net glacier mass balance for a specific year and glacier is also governed by the annual meteorological conditions and is an important and actively studied parameter in mountain regions [Zemp et al., 2009] . It is equal to the sum of the observed winter and summer balances, which both represent a direct and immediate response of the glaciers' thickness and volume to annual atmospheric conditions [Haeberli and Hoelzle, 1995] . To test this relationship we compiled and averaged independently derived net mass balances of ten glaciers in the European Alps and six glaciers in Scandinavia to generate standardized anomalies of mean b n . These two ROIs were chosen since b n data were available for glaciers well distributed within the respective ROIs and for the entire time period (Scandinavia) and until 2007 (European Alps). Glacier mass balance data for the glaciers listed in Table 3 were obtained from the World Glacier Monitoring Service (WGMS; www.wgms.ch) and the Norwegian Water Resources and Energy Directorate (NVE) [Andreassen et al., 2009] .
[19] Standardized anomalies of b n are provided in Figures 4b  and 4d . A close, statistically significant (p < 0.01), positive relationship between standardized anomalies of PSI MODIS and b n was obtained, with linear correlation coefficients (r b n ) of r b n = 0.91 (European Alps) and r b n = 0.85 (Scandinavia). A possible explanation for this close relationship is that in a given area, the average elevation of the snow line observed at the end of the summer season is inversely correlated with the extent of PSI MODIS and directly related to the snow line observed on the glacier. The glacier's snow line, on its part, defines the elevation above which the glacier ice is covered by perennial snow and névé and can be regarded as a rough approximation of the glacier's equilibrium line in a given year [Paterson, 1994] . As such, it is directly correlated to the annual b n . Results therefore suggest that PSI MODIS , as a parameter reflecting the areal extent of snow (and ice) cover, may be regarded as an informative indicator of the (volumetric) parameter b n in the mountain areas of Scandinavia and the European Alps. These results are of particular interest with regard to the requirement for information on glacier mass balances over larger spatial scales [Lemke et al., 2007] and could serve as a useful tool for the integration of local measurements made at a few generally small glaciers over larger regions.
[20] From a hydrological point of view, the close negative PSI MODIS -T pos relationship is interesting with regard to future climate variations. A potential decrease in PSI extent (and, hence, in water availability) due to temperature increase could lead to increased competition for water resources in some mountain regions and surrounding lowlands [Barnett et al., 2005] . From a climatological point of view, accurate knowledge of PSI extent is important in consideration of the strong influence of snow and ice on the Table 2 . Standardized anomalies of averaged net glacier mass balances (dashed line) are provided for the European Alps (ten glaciers, [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] and Scandinavia (six glaciers, 2000-2008) . PSI GLC in 2000 ("X" sign) and PSI GC extent in 2005 (plus sign) are also displayed (standardized relative to PSI MODIS ).
surface energy budget. The validation of PSI extent in LSCs used to derive land surface parameter data sets for climate models is therefore an important task. This will be discussed in the section 3.2.
Circumpolar MODIS Imagery Versus Other Land Surface Classifications
[21] The absolute and relative differences between PSI MODIS and PSI from the two LSCs (PSI GLC and PSI GC ) are provided in Table 4 . In addition, Figure 4 illustrates PSI extent in both LSCs (standardized relative to PSI MODIS ). In certain cases, namely for the European Alps, Iceland, and western North America, there is a relatively good agreement between PSI MODIS and PSI GLC with relative discrepancies <10%. However, PSI GLC and PSI GC , in particular, differ significantly from PSI MODIS in the majority of the cases. For some ROIs such as the Canadian Arctic (both LSCs) or Iceland (Globcover), we observed large differences (>100%). Over all ROIs, GLC-2000 (Globcover) overestimates PSI extent by 47% (86%). To illustrate the discrepancies between the data sets, Figures 5 and 6 display subsets of the circumpolar composites. Except for the Canadian Arctic ROI (Figures 5a and 6a) , small subsets were selected to show PSI extent in more detail. Consistent with the statistics provided in Table 4 , the overestimation of PSI extent in both LSCs is clearly apparent in the Canadian Arctic ROI. Figure 5b demonstrates for a small subset in the European Alps that GLC-2000 accurately classifies PSI in 2000 for this area. In contrast, PSI is underestimated by GLC-2000 in the Altai mountain range Figure 5c . Similarly, Figure 6b shows an example in the European Alps where the discrepancies between PSI MODIS and PSI GC were small. However, in Northern Siberia PSI extent was found to be clearly underestimated in the Globcover product (Figure 6c) .
[22] The magnitude of the obtained differences in PSI extent for some ROIs was somewhat surprising. As for the Globcover classification, sparse data collection of the MERIS instrument due to a smaller swath width compared to MODIS (1150 km versus 2330 km) may result in discrepancies because this reduces the chance of a geographic location being observed under clear-sky and snow-free conditions. This particularly applies to mountain and polar regions, as these are often characterized by persistent cloud cover and fog. As a consequence, snow and ice are likely to prevent observations of the underlying land surface, resulting in large deviations relative to PSI MODIS . Apparently, the number of valid observations obtained after 19 months of MERIS acquisitions is limited in most of the ROIs selected here [Bicheron et al., 2008, Figure 9] . Additional errors could be introduced to the Globcover product where a reference data set was used to fill gaps due to missing data, and users are asked to consult the information provided in the corresponding quality flag . Here the use of a reference data set is a potential source of error for two reasons: first, potential errors in the reference data sets could propagate into the Globcover database. Second, reference data sets do not necessarily originate from the same observation period as the Globcover product (e.g., the GLC-2000 classification) and, hence, do not accurately reproduce PSI extent in cases of strong interannual PSI variability as described above. This also points at a general problem of classifying permanently snow and ice covered surfaces. Due to the strong interannual variability of PSI extent observed in some ROIs, the informative value of this land cover class in LSCs is somewhat limited. [23] Regarding the GLC-2000 classification, differences in the spatial resolution of the classification are one possible reason for the observed discrepancies. For example, small snow patches may not be included at 1 km spatial resolution. However, this can certainly not explain the large deviations we observed in some ROIs. In the Canadian Arctic, the ROI with the most extensive PSI extent, areas north of approximately 72°N revealed the largest discrepancies. For GLC 2000, one can speculate that this can be related to mixing VEGETATION data with data from other sensors such as MODIS between 75°N-80°N and the Advanced Very HighResolution Radiometer (AVHRR; 80°N-90°N) to produce results for polar regions(Global Land Cover 2000 database, update information for version 1, 2004, available at http:// bioval.jrc.ec.europa.eu/products/glc2000/products/Update_ version1.pdf).
[24] With regard to LSCs being used to derive land surface parameter data sets, such as background surface albedo, for use in climate and land surface process models, the accurate delineation of PSI in land cover products is important, since the output of such models has been shown to be sensitive to land surface boundary conditions [Garratt, 1993] . While the impact of PSI misclassification on the assessment of land surface-atmosphere fluxes is assumed to be limited to local scales for ROIs exhibiting small PSI extent (e.g., the Altai mountain range or Northern Siberia), it is likely to be more relevant for simulations at larger scales for ROIs characterized by large areas of PSI (e.g., Canadian Arctic or western North America). However, the quantification of this impact remains to be addressed in future studies.
Concluding Remarks
[25] Perennial snow and ice extent represents minimum snow and ice conditions in mountain regions at the end of the summer season and reflects the balance of accumulation and melting processes during the previous seasons. We made use of a novel MODIS data set developed by the Canada Centre for Remote Sensing at 250 m spatial resolution and covering the Arctic circumpolar area to quantify interannual variations in PSI extent between 2000 and 2008. To our knowledge this is the first-ever attempt to study the annual PSI variations using a consistent satellite data set at 250 m spatial resolution. Nine ROIs were selected, all of which cover mountain areas to a certain extent. Depending Table 4 ). Color code for the PSI maps: white, PSI; black, water surfaces; grey, snow-and ice-free land surfaces. on the ROI, large interannual variability of PSI was detected. These data show a good correlation with positive degree-days during the summer season, likely reflecting the strong snowalbedo feedback in mountain regions. In addition, independent time series of averaged net glacier mass balances collected over the European Alps and Scandinavia showed a very close agreement with PSI extent, which suggests that PSI variations could serve as an indicator of net glacier mass balances. This is of particular interest with regard to the need for integrated information on glacier mass balances on broad spatial scales. Overall, the understanding of such PSI variations is critical with respect to the importance of snow and ice for the hydrological cycle in mountain regions and surrounding lowlands. Changes in the spatial extent of PSI reflect changes in the amount of water stored in mountain regions, and hence, changes in water availability at the end of the summer season. In light of the close negative relationship between PSI extent and the climatic conditions, climate warming projected for the future may result in increased competition for water resources in some regions.
[26] Finally, the circumpolar MODIS imagery was employed to validate PSI extent in two satellite-based land surface classifications, GLC-2000 and Globcover. Such analysis may be useful to evaluate the degree of uncertainty in using these data sets as a basis for land surface parameterizations in climate and land surface process models. PSI extent was found to be significantly different in both land surface classifications, which could be a potential source of error in modeling applications. This is of particular interest for large ROIs exhibiting extensive PSI coverage, as a misclassification of PSI in these areas may affect model output at large spatial scales through the snow-albedo effect and impacts on the water-energy balance. However, this remains to be quantified in future studies.
[27] In summary, circumpolar MODIS imagery has provided interesting and novel insight into PSI variations in several mountain ranges at high spatial resolution. Given the importance of snow and ice for many land surface and hydrological processes, the results presented here will enhance our understanding of future climate change impact in mountain regions.
[28] Acknowledgments. The work was conducted at the Canada . In contrast to a relatively good agreement in the European Alps, the extent of PSI is clearly overestimated in PSI GC for the Canadian Arctic ROI but underestimated in Northern Siberia (see Table 4 ). Color code for the PSI maps: white, PSI; black, water surfaces; grey, snow-and ice-free land surfaces.
